Towards assessing the biodiversity and biogeography of Trichoderma, we have analyzed the occurrence of Trichoderma species in soil and litter from four areas in China: North (Hebei province), South-East (Zhejiang province), West (Himalayan, Tibet) and South-West (Yunnan province). One hundred and thirty five isolates were grouped according to tentative morphological identification. A representative 64 isolates were verified at the species level by the oligonucleotide barcode program TrichO Key v.1.0 and the custom BLAST server TrichoBLAST, using sequences of the ITS1 and 2 region of the rRNA cluster and from the longest intron of the tef1 (translation elongation factor 1-a) gene. Eleven known species (Trichoderma asperellum, T. koningii, T. atroviride, T. viride, T. velutinum, T. cerinum, T. virens, T. harzianum, T. sinensis, T. citrinoviride, T. longibrachiatum) and two putative new species (T. sp. C1, and T. sp. C2), distinguished from known species both by morphological characters and phylogenetic analysis, were identified. A significant difference in the occurrence of these species was found between the North (Hebei) and South-West (Yunnan) areas, which correlates with previously reported species distributions in Siberia and South-East Asia, respectively. As in previous studies, T. harzianum accounted for almost half of the biodiversity; although, in this study, it was exclusively found in the North, and was predominantly represented by an ITS1 and 2 haplotype, which has so far been rarely found elsewhere. This study therefore reveals a North-South gradient in species distribution in East Asia, and identifies Northern China as a potential center of origin of a unique haplotype of T. harzianum.
Introduction
Fungi are considered the fifth kingdom, characterized as eukaryotic heterotrophic organisms with a low level of ''tissue'' differentiation and chitin/b-glucan-containing cell walls. They form spores as a stress resistant and spreading phase of their life cycle (http://www. mycolog.com/index.html). Approximately 120,000 species of fungi have so far been identified worldwide [1] , but recent estimates claim about 1.6 million species in total [2] . Despite this high diversity, the biogeography of fungi is still a neglected topic, and molecular studies directed towards an assessment of the global biodiversity of fungi are only slowly emerging [3] [4] [5] [6] [7] [8] .
The hymenomycete genus Trichoderma is characterized by species remarkable for their rapid growth, capability of utilizing diverse substrates and resistance to noxious chemicals [9] . They are often the predominant components of the mycoflora in soils of various ecosystems, such as agricultural fields, prairie, forest, salt marshes and deserts, in all climatic zones [10] [11] [12] [13] . They make a significant contribution to the decomposition of woody and herbaceous materials and exhibit saprotrophic activities against primary wood decomposers [14] . Some species of this genus have economic importance because of their production of enzymes and antibiotics, or use as biocontrol agents [15] [16] [17] .
Due to the ecological importance of Trichoderma and its application as a biocontrol agent in the field, it is important to understand its biodiversity and biogeography. Until recently, most of the known species had been isolated from North America and Central Europe [18] . We have previously initiated a survey of the occurrence of Trichoderma spp. in thus far neglected regions such as Siberia and the Himalayas [19] , South-East Asia [20] , Egypt [21] and Central and South America [22] . These studies led to the identification and description of several new species [23, 24] , and furthermore revealed a unique species composition in all these regions. This could be the result of a geographic/climatic bias of some species, or be an artifact of the limited number of samples and locations involved.
In order to reveal the possibility of a geographic/climatic bias in such studies, we investigated whether a geographic area linking two previously investigated areas would show a gradient in species distribution consistent with the established data. Here we report the biodiversity of Trichoderma from four different regions of China (North, Hebei province; South-East , Zhejiang province; West, Himalayan-Tibet; and South-West, Yunnan province), and compare the resulting species diversity to previous data from Siberia and South Himalaya (Nepal), and South-East Asia (Thailand, Burma) [19, 20] .
Materials and methods

Geography of sample sites
Trichoderma spp. were sampled in four areas of China, which differ in their geographic location, altitude and climate: Xiaowutai Shan, Hebei province (39.5 N/ 115 E; climate continental and arid; 1000 m above sea level); Hangzhou, Zhejiang province (30.3 N/120.2 E; climate subtropical and humid; 500 m above sea level); Kunming, Yunnan province (24.6 N/102.7 E; climate subtropical, warm and humid; 1800 m above sea level); and three different locations in Tibet, Himalaya (29 N/ 85-87 E; about 5000 m above sea level; climate cold and dry).
Substrates, storage and isolation of pure cultures
Samples of soil, pieces of decayed wood, bark, vegetable debris and other substrata were collected in sterile polyethylene bags or kraft envelopes and stored at 5°C until isolation. Rose Bengal agar [25] was used as a selective medium for Trichoderma, using the soil dilution plating method. Putative Trichoderma colonies were purified by two rounds of subculturing on potato-dextrose agar (PDA). Pure cultures were suspended in 10% (w/v) non-fat milk and in silica gel at À20°C.
Morphological analysis
For morphological analysis, strains were grown on special nutrient agar (SNA), on 2% (w/v) cornmeal dextrose agar (CMD) and on PDA at 20°C under ambient daylight conditions. Growth rates were determined at 20, 25, 30, 35 and 40°C for 72 h on SNA and PDA [26] . Microscopic observations and measurements were made from preparations mounted in lactic acid. Conidiophore structure and morphology were examined on macronematous conidiophores, taken either from the edge of conidiogenous pustules, or from fascicles when conidia were maturing. Conidial morphology and size were recorded after 14 days of incubation.
DNA sequencing and phylogenetic analysis
DNA was isolated using the DNeasy Plant Mini kit (QIAGEN). A region of nuclear rRNA, containing the internal transcribed spacer regions 1 and 2 and the 5.8S rRNA gene, was amplified as described previously [27] . A 0.3 kb fragment of tef1, containing the fourth large intron, was amplified by the primer pair EF1-728F (5 0 -CATCGAGAAGTTCGAGAAGG-3 0 ) and EF1-986R (5 0 -TACTTGAAGGAACCCTTACC-3 0 ) as described [28] . The amplicons were sequenced with the aid of a MegaBACE 1000 DNA automatic sequencing system (Pharmacia), using cycle-sequencing with the DYEnamic ET Dye Terminator Cycle Sequencing Kit (Pharmacia). The NCBI GenBank accession numbers for all sequences obtained in this study are given in Table 1. DNA sequences were visually aligned using Genedoc 2.6. The interleaved NEXUS file was formatted using PAUP*4.0b10 and manually edited for recognition by MrBayes v3.0B4 [29] [30] [31] . The model of evolution and prior settings for individual loci of Hypocrea/Trichoderma have been described previously [28] [29] [30] . Metropolis-coupled Markov chain Monte Carlo (MCMCMC) sampling was performed with four incrementally heated chains that were simultaneously run for 3 millions of generations. ZAUT 337 AF408065, AY864329, DQ056745 a When more then one accession number is given, they are in the order: ITS1 and 2; tef1 short intron (fifth); tef1 long intron (forth), for definition see [34] .
Results
Species identification
A total of 135 strains of Trichoderma were isolated from four geographically diverse areas of China. North and South-West (Hebei and Yunnan provinces, respectively) were represented by most samples (41 and 61, respectively), followed by 28 for Zhejiang (South-East) and 5 for Tibet (West). From Yunnan and Zheijang, only soil samples were used, but many of the samples from Hebei consisted of decaying leaves or woody material, due to the aridity of the area. All isolates were preliminarily identified at the species level by the analysis of morphological characters [26, 32] . Species identity of a group of 64 representative isolates (at least one of two to four isolates which were originated from the same sample and displayed identical morphological characters) was detected by use of ITS1 and 2 oligonucleotide barcode integrated in TrichO Key v.1.0 (www.isth.info/tools/ molkey/; [22] ). In a few cases, where ITS1 and 2 did not provide unambiguous identification (e.g. T. longibrachiatum, T. koningii, T. viride), the large intron of tef1 was sequenced and used to search for the best match in TrichoBLAST (www.isth.info/tools/blast/; [33] ). This approach was applied to 7, 37, 16 and 4 strains, respectively, from Zhejiang, Hebei, Yunnan and Tibet. Thereby, the following species (Table 1) were identified (number of strains given after comma): from section Trichoderma: T. viride, 1; T. asperellum, 4; T. koningii, 5; T. atroviride, 13; from section Pachybasium: T. velutinum, 1; T. cerinum, 2; T. virens, 2; and T. harzianum, 26: and from section Longibrachiatum: T. sinensis, 1; T. citrinoviride, 1; and T. longibrachiatum, 5. Three further isolates yielded ITS1 and 2 sequences, which did not correspond to any previously described species: T. sp. ZAUT 337 from Yunnan (=Trichoderma sp. C1), and T. sp. ZAUT 204 and ZAUT 208 from Hebei (T. sp. C2). The ITS 1 and 2 sequences of both isolates from Hebei were identical so these two isolates are likely to belong to the same taxon. T. sp. C1 and C2 may represent putative new species as they also exhibit morphological and/or physiological characters that are not displayed by any of the recognized species (Zhang, C., and Xu, T., unpublished data).
In order to support this assumption, we also analyzed sequences of the large intron of the tef1 gene encoding translation elongation factor 1-a and used it to assess the phylogenetic position of Trichoderma sp. C1 and C2. The result is shown in Fig. 1 : the combined ITS 1 and 2 and tef1 gene tree consistently placed T. sp. C1 and T. sp. C2 in the Catoptron-Lixii clade of species [22, 34] . Interestingly, T. sp. C2 formed a sister clade to T. cf. aureoviride DAOM 175924 [27, 35] , another still unnamed new species for which several world-wide isolates are available.
Species distribution
Grouping of the species according to their geographic origin revealed significant differences (Fig. 2) . The 37 isolates from the province of Hebei comprised 6 species: T. longibrachiatum, T. citrinoviride, T. harzianum, T. velutinum, T. atroviride, and the putative new species T. sp. C2; T. harzianum being the dominant species in this area. On the other hand, the group of eight species found in Yunnan comprised T. longibrachiatum, T. sinensis, T. virens, T. cerinum, T. atroviride, T. koningii, T. viride and the putative new species T. sp. C1. In the limited sample (four) from Tibet, only T. harzianum was found. In samples from the province of Zhejiang (seven isolates), three species were identified: T. harzianum, T. asperellum and T. longibrachiatum.
We have recently proposed that T. harzianum isolates can be grouped into several different ITS 1 and 2 haplotypes (then termed ''genotypes''; [19] ). Strains identified in this study belonged to haplotypes 1 (which is confirmed for the ex-type strain of T. harzianum CBS 226.95), 2a and 5, and a new haplotype variant of 5 not previously described. The latter two accounted for the vast majority of isolates (20 of 26).
Discussion
We have carried out a survey of the occurrence of Trichoderma spp. in China which aimed to complement previous studies in Siberia, the Himalayas and SouthEast Asia [19, 20] in order to obtain a more complete picture of the biodiversity of this genus in Asia. From a total sample of 135 isolates, 64 were subjected to species identification by sequence analysis. We cannot completely rule out that the grouping of isolates according to a putative species identification by the analysis of morphological characters may in some cases have overlooked the presence of a different species. Although, our experience from previous work [19] [20] [21] [22] showed that different isolates from the same sample, and exhibiting identical morphology, indeed are the same species in 19 of 20 cases (unpublished data). Thus, it is sufficient to verify only one of them by sequence analysis. We therefore consider this strategy a valid and economic strategy for studies where a large number of isolates need to be identified. However, in order to consider this approach, we will further concentrate the discussion only on the number of strains identified by sequence analysis.
Two potential new species
This survey led to the identification of 61 of 64 isolates at the species level, and the detection of two potential new species which were also distinctive in molecular characters. Among the latter, Trichoderma sp. C2 has high ITS1 and 2 sequence similarity with T. cf. aureoviride DAOM 175924 [27, 35] , yet differs in some diagnostic nucleotides. We have recently encountered a further isolate with the same ITS1 and 2 haplotype in soil of Trivandrum, South India (Szakacs, G., and Kubicek, C.P., unpublished data), thus documenting a broader distribution of this haplotype in Asia. Although the tef1 tree placed C2 in a sister clade to T. cf. aureoviride DAOM 175924, it is unclear whether it is a new species closely related to it, or an allopatric subform. Trichoderma sp. C1 is also closely related to the Catoptron-Lixii Clade, but not to any of the known species, and we are not aware of any other report of an isolate with this characteristic ITS1 and 2 and tef1 sequence.
North to South distribution of T. harzianum in China
Among the 61 isolates verified by sequence analysis, 26 were identified as T. harzianum. This is in accordance with results from previous studies in Asia [19, 20] , Central Europe [36] , Egypt [21] and South America [22] . However, a closer inspection of these strains shows some interesting details. First, almost all T. harzianum strains came from the North of China (Hebei province), and all four isolates obtained from Tibet were T. harzianum, whereas only a single isolate obtained from Zhejiang was identified as T. harzianum and none of isolates were identified as this species in Yunnan. This indicates a clear North to South gradient in the distribution of T. harzianum in China. Furthermore, only 4 isolates corresponded to the haplotype of the ex-type strain of T. harzianum, whereas -with the exception of isolate ZAUT 251 -all other isolates belonged to haplotype 5 of ITS1 and 2 [19, 20] and a new variant of it. The finding of strains with this haplotype accounted for only a minor portion in previous studies, suggests that China could be their center of origin. 
Species difference between North and South China
Apart of T. harzianum, there was also a clear difference in the distribution of species between North and South in China: whereas T. velutinum, T. citrinoviride, T. sp. C2, and the majority of strains of T. atroviride were found in Hebei province, T. koningii, T. virens, T. cerinum, T. sinensis, T. viride and the putative new species T. sp. C1 were only found in soils from Yunnan. This finding is in a perfect accordance with results from earlier studies in Siberia and the Himalaya [19] and South-East Asia [20] , as the species found in Hebei were the same as those predominantly occurring in Siberia. Whereas those from Yunnan were the same as those found in South-East Asia. This is probably due to climatic preferences of these isolates. As an example, T. velutinum was described as a new species on the basis of an isolate detected in Nepal [23] , but strains with identical ITS1 and 2 sequences were found in Iran (Zafari, D., personal communication), Japan and Korea, which suggested its occurrence in a temperate climate, which was further proven in this paper. In contrast, T. sinensis has been isolated from tree bark from Taiwan, China [23] , and has also been found in Vietnam (Samuels, G.J., personal communication). Its identification in Yunnan confirms a common distribution of this species in South-East Asia.
The finding of T. longibrachiatum in China was surprising, because a previous biogeographic survey of species of section Longibrachiatum failed to detect any isolate of this species in East Asia, whereas T. citrinoviride was abundant [37] . Subsequent studies also failed to find T. longibrachiatum in Asia [19, 20] . Turner et al. [37] hypothesized that the geographic occurrence of T. citrinoviride and T. longibrachiatum may be complementary. The present finding of T. longibrachiatum in China is consistent, however, with the occurrence of H. orientalis in Yunnan, which has been proposed as a potential teleomorph of T. longibrachiatum [38] .
The high number of species of Trichoderma found in the province of Yunnan confirms that this is one of ChinaÕs biologically most diverse regions with a large portion of endemic species (http://www.biodiversityhotspots.org/xp/Hotspots/China). Earlier studies [39, 40] stressed the abundance of Trichoderma spp. in the South-West of China. Unfortunately, identification of these strains was based on a now outdated morphological key, and thus the species compositions of these studies are uncertain. Further research on Trichoderma biodiversity from Yunnan province may therefore lead to the eventual discovery of further new taxa.
